The effects of implantation energy and dose on Ge solid-phase epitaxial growth kinetics were studied using (0 0 1) Ge substrates self-implanted at energies of 20-150 keV and doses of 1 Â 10 14 À2 Â 10 15 cm À2 . All implants produced a continuous amorphous layer, which was crystallized by annealing at 330°C for 22-176 min. At lower doses, the growth velocity was implant energy-independent while at higher doses the growth rate tended to decrease with decreasing implant energy. The decrease in growth velocity with energy at higher doses is discussed in terms of possible implantation-induced stresses altering growth kinetics.
Introduction
Recently, Ge has received renewed interest as an alternative source/drain and channel material in complementary metal oxide semiconductor (CMOS) devices due to higher dopant activation and free carrier mobility compared to Si [1] [2] [3] . However, the knowledge base and understanding of CMOS-related processing of Ge is still relatively small compared to that of Si. Pre-amorphization using self-implantation to create a continuous amorphous (a) layer is a commonly used processing step which reduces channeling effects and results in higher activation of subsequently implanted dopants during solid-phase epitaxial growth (SPEG) [4] [5] [6] [7] . Moreover, understanding the SPEG process is crucial to optimizing the performance of CMOS devices [8, 9] .
The SPEG process has been studied extensively for Si and is known to be influenced by many variables [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , though comparatively minimal similar research has been performed for Ge. A key difference between Ge and Si is that Ge is known to become highly porous [22] [23] [24] [25] [26] [27] [28] [29] at doses above 4 Â 10 15 cm À2 . Such behavior suggests the atomistic nature of the a-Ge phase can be altered with dose or implant energy [30] , which may possibly lead to dependence of the SPEG kinetics on self-implantation conditions, in contrast with Si where no such dependence is observed [11] . The goal of this work is to investigate the effects of implantation conditions on Ge SPEG.
Experimental
Two sets of (0 0 1) Ge samples with background B concentrations of 5.0 Â 10 17 cm À3 were self-implanted at room temperature using a VIISta 900XP ion-implanter. The first set of samples was implanted at a fixed energy of 150 keV with doses of 1.0 Â 10 14 À2.0 Â 10 15 cm À2 while the second set was implanted at a dose of either 1.0 Â 10 14 or 2.0 Â 10 15 cm À2 with implant energies of 20-150 keV. Samples were furnace annealed at 330°C in N 2 ambient for times between 22 and 176 min. Cross-sectional transmission electron microscopy (XTEM) samples, prepared by focused ion beam (FIB) milling, were used to investigate the evolution of the SPEG process and provide a quantitative means of measuring the growth velocity, similarly as described elsewhere [21] . Fig. 1 shows a sequence of XTEM micrographs depicting the growth process of a sample implanted at 90 keV to a dose of 2.0 Â 10 15 cm À2 . The as-implanted structure shown in Fig. 1(a) indicates an initial a-Ge layer 107 ± 3 nm thick. With subsequent annealing for 44, 88, and 132 min, the a-Ge layer has crystallized and reduced in thickness 66 ± 10, 36 ± 5, and 15 ± 5 nm, respectively. For some samples implanted to a dose of 2.0 Â 10 15 cm À2 , voids 3-35 nm in diameter spaced randomly a few hundred nm apart appeared just below the surface (not presented) and tended to swell the surface above the void. Thus, the a-Ge layer depths were measured in non-swelled regions to obtain the most accurate measurement of SPEG kinetics. , presented in Fig. 3(a) , the growth velocity was nearly identical for all doses with an average growth velocity of 0.93 ± 0.02 nm/min, which agrees well with the values reported in the literature for similar implant conditions [31] [32] [33] . In terms of energy-dependence, as shown in Fig. 3(b) , the growth kinetics of samples implanted at a dose of 1.0 Â 10 14 cm À2 showed little variation with energy. However, for samples implanted with a dose of 2.0 Â 10 15 cm
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, the growth velocity clearly decreased with decreasing implant energy. This behavior differs considerably from that of self-amorphized Si, where the SPEG kinetics are independent of implantation conditions [11] .
Discussion
It is not clear why there would be any influence of implantation conditions on SPEG kinetics for self-amorphized Ge since no such effect is observed in Si. It is known that H and/or O contamination in the near-surface region during annealing can slow SPEG [11, [33] [34] [35] , though the depth into which such contamination is known to occur (several hundred nm) would imply such an effect would be identical for all a-Ge layer thicknesses used in this work.
For a given implant condition, the growth rate was independent of the growth interface depth [31, 36] which again contradicts the notion of contamination reducing the growth velocity. Additionally, the presence of electrically-active dopants [19, 20, 33, 37] alters growth kinetics but this effect is only observed with dopant levels 4.0 Â 10 18 cm À3 , which is much higher than the background concentrations used in this work. Also, this background concentration should be uniform throughout the wafer for all samples.
A possible explanation of the variation of SPEG with implant energy is implant-induced stress since the presence of stress at the growth interface is known to alter SPEG kinetics [9, 21, 38, 39] . One study showed that compressive stresses in the plane of the growth interface are generated during Kr + -implantation into Ge, where the generated stresses increased with dose at a fixed implant energy [25] . While the implanted ion in the present study is different, a reduction of the implant energy at a fixed dose leads to a higher density of implanted ions, similarly to the previous work. Strain could be attributed to an increase in three and fivefold configurations upon implantation, leading to an increase in average bond length [40] [41] [42] . Additionally, the generation of compressive stresses resulting from implantation is consistent with current models of stress-altered SPEG [21] where in-plane compressive stresses tend to retard growth kinetics. This is further supported by the observation that growth retardation was not observed at low doses (corresponding to lower damage densities) since less stress would be generated at lower doses.
Furthermore, the structural transition of a-Ge to a porous structure at high damage densities may support the observed implantation-dependent SPEG kinetics being influenced by stress [22] [23] [24] [25] [26] [27] [28] [29] . As stated earlier, high dose/low implant energy conditions generated sparse, but microscopic voids (a precursor to the porous structure) and possibly, these voids are preceded by smaller, submicroscopic voids. As suggested by Mayr and Averback [25] , the presence of these voids is responsible for the generation of in-plane compressive stresses during implantation, and an incident ion transferring energy to the substrate over a smaller volume increases the probability of void formation. Thus, at high doses and low implant energies, the volume over which the energy is deposited decreases, resulting in a higher probability of void formation in the a-Ge network. The in-plane compressive stress generated from void formation then could possibly slow the growth kinetics in regions between voids [38] .
Finally, it should be noted that in the case of group-IV semiconductors, it is known that the amorphous phase can exist in a socalled ''unrelaxed" state where short-range order is not maintained and bond lengths/angles are excessively distorted [40, [42] [43] [44] [45] . Presumably, if the amorphous phase is not ''relaxed" during SPEG, the nature of bond breaking/rearrangement in the growth interface, which mediates SPEG would be affected [46] . However, the relaxation of a-Ge from the unrelaxed state is expected to occur very rapidly at the thermal budget used in this work [43, 45] . A structural relaxation argument also does not account for the fact that the pores and voids in Ge are highly stable upon annealing [47] . Thus, voids (and void-generated stresses) remain even after short-range order is restored and bond lengths/angles relaxed in the non-voided material. 
Conclusion
In conclusion, the effects of implant energy and dose on SPEG of self-amorphized Ge were studied. It was shown that implant conditions generating the greatest ion density (low energy/high dose) tended to produce the greatest reductions in growth kinetics. In conjunction with the nature of a-Ge to become highly porous at high damage densities, it was postulated that the implant produced both microscopic and sub-microscopic voids, resulting in stress and altering the growth kinetics.
